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Minimum angles of resolution (MAR) were measured at 0-10 deg horizontal eccentricity in three normal 
subjects, using high-pass patial frequency filtered targets, at four different contrast levels. Results were 
correlated with recent data on human cone and ganglion cell separations in corresponding retinal 
locations. MARs and cone separations howed a close proportionality through the origin for all contrast 
levels. Ganglion cell correlates were more difficult to elucidate as the cell bodies are displaced from their 
input cones. Taking a functional estimate of the displacement into account, the number of ganglion cells 
appeared to be large enough to uphold an "effective" distribution that obeys the same proportional 
relationship to MAR that previously has been demonstrated outside 10 deg. Analysis of the nature of 
age effects provided support for this model. 
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INTRODUCTION 
More than a century after its conception, perimetry 
retains an all-important role in the clinical assessment of
vision. Traditionally depending on the differential light 
sense, i.e. the ability to detect a localized light increment 
against a neutral background, perimetry has lately come 
under suspicion of measuring an aspect of vision with 
considerable tolerance to damage. Moreover, prediction 
of threshold levels from present knowledge of anatomy 
and physiology has proved elusive. Among alternative 
approaches, resolution perimetry merits interest in that it 
allows application of resolution theory to estimate the 
number of functional retino-cortical neural channels. In 
this context, achannel is defined with reference to a retinal 
ganglion cell and its receptive field, plus the ganglion cell's 
axon and the axon's extension to the striate cortex 
(Fris6n, 1988). 
Although there is a multitude of factors capable of 
influencing resolution (see Discussion), it is becoming 
increasingly clear that spatial densities of receptive 
fields are of prime importance. Analytically, these can 
generally be replaced by ganglion cell densities. Outside 
approx. 10 deg of eccentricity, where several cones 
converge on single ganglion cells, there is a direct 
proportionality between minimum angles of resolution 
(MAR) and separations of ganglion cells at several 
contrast levels (Fris6n, 1987, 1992; Merigan & Katz, 
1990). Hence, observed MARs can be used to estimate 
the separation of functional ganglion cells, and by 
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extension, numbers of working neural channels (Fris6n, 
1988, 1993a). 
Inside some 10 deg of eccentricity (here termed the 
central field), the situation is more complicated because 
single cones may diverge on several ganglion cells, and 
the latter are displaced in a centrifugal fashion. There are 
no ganglion cells in the fovea (Perry & Cowey, 1988; 
Schein, 1988; Curcio & Allen, 1990; Wfissle, Grfinert, 
R6hrenbeck & Boycott, 1990). The displacement, 
which peaks parafoveally and decreases smoothly with 
increasing eccentricity, prevents ganglion cell positions 
from reflecting locations of the receptive fields. The gaps 
are bridged by Henle's fibres and bipolar cells (Perry & 
Cowey, 1988; Schein, 1988). 
This report aims to correlate central-field MARs 
obtained by high-pass resolution perimetry (HRP) ring 
targets with recent data on cone and ganglion cell 
distributions (Curcio & Allen, 1990; Curcio, Sloan, 
Kalina & Hendrickson, 1990). HRP and conventional 
resolution targets produce equivalent results but the 
former are more convenient because of the near 
coincidence of detection and resolution thresholds 
(Fris6n, 1986; Fris6n & Nikolajeff, 1993). Measurements 
were made at a luminance level where rod intrusion can 
be discounted, and used a wide range of contrasts. 
MATERIALS  AND METHODS 
Subjects  
Three clinically normal subjects with extensive HRP 
experience were tested, using the dominant eye with a 
natural pupil. Subject A was a 32-yr-old woman ( -  1.0 
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sph), subject B a 37-yr-old woman ( -  4.0 sph), and subject 
C a male, 53 yr of age ( -0 .5  sph, -0 .75 cyl× 165). 
Subjects A and B were naive as to the purpose of the study. 
Perimetry 
Perimetry has been described in detail elsewhere 
(Fris6n, 1987). Briefly, a single ring-shaped high-pass 
spatial frequency filtered target was presented for 
165 msec in the centre of a 14in. cathode ray tube, 
under computer control. Contrast, defined as 
(Lma x - -  Lmin)/(Lma x + Lmin) , where Lma x refers to luminance 
of the target's bright core, and Lmi n to its dark borders, was 
set to 0.90, 0.50, 0.25, or 0.10. Space-average luminance 
was equal to that of the background, 20 cd/m 2, whereas 
ambient illumination was 5 Ix. Size was varied by 0.05 
log~0 units, in a pseudo-random sequence comprising 10 
presentations each at five neighbouring sizes. Frequency- 
of-seeing curves were obtained at 0, 1,2, 4, 6, 8 and 10 deg 
on the horizontal meridian. Thresholds were obtained 
also at 20, 30, 40 and 50 deg, using an external fixation 
mark. All subjects could not partake in all of the latter 
measurements. Test distance varied between 1 and 5 m, 
depending on eccentricity. Ametropia correction was 
used for locations < 30 deg. The task was to signal all 
rings seen. This is simple because non-resolved targets are 
completely invisible (Fris6n, 1986, 1987). 50% thresholds 
and 95% confidence intervals were obtained by Probit 
analysis, in minutes of arc subtended by the target's bright 
core (one-tenth of the diameter). This allows direct 
comparison with conventional resolution targets (Fris6n 
& Nikolajeff, 1993). 
Cone and ganglion cell data 
Cone and ganglion cell data for tested locations were 
obtained from Curcio and Allen's (1990) and Curcio 
et al.'s (1990) figures, in cells/ram 2, and converted to 
cells/deg 2, using schematic eye parameters (Drasdo & 
Fowler, 1974). Cell separations were expressed in minutes 
of arc, assuming hexagonal packing. In most instances, 
mean values only were available. These were based on six 
specimen eyes for cones, and eight for ganglion cells. 
Refractions and axial lengths were not available. 
Statistical analyses 
Statistical analyses used Systat version 5.01 (Systat Inc, 
Evanston, Ill.) and were mostly based on the 
proportionality model of resolution. The latter predicts 
that MAR thresholds and standard eviations are directly 
proportional, but for stochastic deviations, to separations 
of neural sampling units. The model does not specify the 
magnitude of the regression coefficient (Fris6n & Fris6n, 
1977). When parameters are specified in separation terms, 
sampling theory predicts unit magnitude for faithful 
transmission in ideal detector arrays (Fris6n, 1993b). 
Further details will be given in the following. P values 
<0.05 were considered statistically significant. 
RESULTS 
The MAR thresholds how the expected minimum at 
the fovea and they increase monotonically with increasing 
eccentricity. Steepness increases monotonically with 
decreasing contrast (Fig. 1). Note that eccentricities in the 
nasal hemifield are given as negative numbers in all figures 
and that the blind spot gap is omitted. 
Comparison of MARs and cone spacings in 
corresponding locations (Figs 1 and 2) suggests 
proportional relationships in the range 0 10 deg [Figs 3 
(open symbols) and 4]. The relationships appear to be well 
defined for all contrasts. Product-moment correlation 
coefficients range between 0.933 and 0.994. Confidence 
intervals include the origin in all instances, as predicted 
by the proportionality model of resolution (Fris6n & 
Fris6n, 1976; Fris6n, 1993b). Table 1 summarizes 
regression parameters and correlation coefficients for all 
tests and subjects. Spot checks on one additional normal 
subject obeyed the same relationships. The association 
between cone separations and individual threshold 
standard deviations is exemplified in Fig. 5, and also 
appears compatible with direct proportionality. 
Outside about 10 deg, the relationship seems nonlinear 
(Figs 1 and 2) and possibly quadratic [Fig. 3 (solid 
symbols)]. There is currently no model available for 
quantitative analysis. However, for the same field area, 
where several cones converge on single ganglion cells, 
there is a direct proportionality between MARs and 
ganglion cell separations (or, equivalently, receptive 
field centres) (Fig. 6), as reported previously (Fris6n, 
1987, 1992). Correlation coefficients range between 0.978 
and 0.987; the proportionality factors are close to unity 
for high contrast (Table 2). Comparison of Figs 4 and 6 
suggests larger variability for the peripheral field. This 
may be attributable to the larger variability of ganglion 
cell counts in the latter region (Curcio et al., 1990; Curcio 
& Allen, 1990). 
Analysis of the relationship between MARs and 
ganglion cell separations inside some 10 deg is not 
meaningful. This is because the cell bodies, being out of 
register with their input cones, fail to reflect receptive field 
centre positions in this area. Information on receptive 
field centre locations, or "effective" ganglion cell 
positions, is not available for humans. Meanwhile, it may 
be interesting to examine whether the peripheral-field 
direct proportionality shown in Fig. 6 might be extended 
to the most central field. This can be done by calculating 
what effective numbers of ganglion cells would be 
required at different locations to uphold proportionality 
to resolution levels. Comparison with microscopic 
counts could then provide a functional estimate of the 
magnitude of displacement. The computations should 
use resolution results obtained at the highest contrast 
levels as these are associated with the smallest 
ganglion cell separations (the largest number of ganglion 
cells). 
Calculations were carried out for 0, 0.5, 1, 2, 4, 6, 8 
and 10 deg, separately for nasal and temporal 
hemi-retina. MAR at 0.5 deg was estimated by linear 
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F IGURE 1. Average MARs (three subjects) at different loci on 
horizontal meridian. Eccentricities are given as negative numbers on the 
nasal side. Bars designate SDs. Top curves have been shifted upwards 
for clarity; from top down: 3 MAR units (contrast 0.10), 2 (0.25), 1 (0.50) 
and 0 (0.90). 
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F IGURE 2. Average separations ofcones ((3) and retinal ganglion cells 
(0 )  at different loci on horizontal meridian. The cone curve has been 
shifted 10 MAR units upwards for clarity. Data from Curcio et al. (1990) 
and Curcio and Allen (1990). The dashed curve represents a model 
of "effective" ganglion cell separations inside the area of displacement 
(see text). 
interpolation. Each mean MAR was divided by the mean 
high-contrast proportionality factor for the peripheral 
field (1.18, Table 2), to obtain an estimate of the required 
effective ganglion cell separation in the corresponding 
location (Fig. 2, dashed curve). These estimates were 
converted to cells per square degree and multiplied by the 
surface areas of appropriate hemi-annuli. Finally, the 
hemi-annuli cell numbers were summed cumulatively, 
starting at the fovea, and combining nasal and temporal 
estimates. 
The cumulative sums are shown in Fig. 7, together with 
analogous ums based on actual ganglion cell and cone 
counts at the same locations (Curcio & Allen, 1990; 
Curcio et al. ,  1990). The number of ganglion cells required 
to uphold proportionality to resolution levels is clearly 
larger than the actual number in the foveal and parafoveal 
retina, and smaller more peripherally. The turning 
point occurs at a distance of approx. 2.5 deg from the 
fovea. Obviously, the central shortage of ganglion 
cell bodies can be covered, by a wide margin, by the 
surplus outside 2.5 deg, with Henle's fibres and bipolar 
cells bridging the gaps between the receptive fields and 
their ganglion cells. Hence, the actual number of ganglion 
cells should suffice to uphold a direct proportionality o
MAR not only outside 10 deg but also inside this 
eccentricity. 
It can be argued that the above analyses fail to 
recognize that neither cones nor ganglion cells can uphold 
vision on their own but both should be included, by means 
of multiple regression analysis. Using MARs from all 
eccentricities, and the first-order model 
MAR = a × CONE + b × GC + c 
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F IGURE 3. Average MARs (three subjects) at 0.25 (top) and 0.90 
(bottom) contrast levels on horizontal meridian, plotted against cone 
separations in corresponding locations. Left- and right-pointing 
triangles represent observations from nasal and temporal meridians, 
respectively, whereas open and solid symbols represent observations 
obtained inside and outside 10 deg, respectively. The former were fitted 
with linear least squares regressions (Table 1), the latter with quadratic 
ones. Results for 0.10 and 0.50 contrast were closely similar, straddling 
the top curve, and were omitted for clarity. 
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F IGURE 4. Average MARs  (three subjects) at (~10 deg eccentricity on the horizontal meridian, plotted against cone separations 
in corresponding locations. Curves represent linear least squares regressions and 95% confidence intervals (see Table 1 for 
parameters) .  Contrast  levels are marked on each panel. 
where CONE and GC represent cone and ganglion cell 
separations, consistent statistical significance was ob- 
tained for GC coefficients only. CONE coefficients and 
constants were inconsistently significant (Table 3). Plots 
revealed gross discrepancies between estimated and 
observed MARs, the former showing two minima 
TABLE 1. Linear regressions of  individual and mean MARs  on mean cone separations (CONE)  at corresponding locations, 
for 10 to 10 deg of  eccentricity, and four contrast levels 
Contrast  level 
Subject 0.90 0.50 0.25 0.10 
A 1.23 x CONE*+0.25  1.51 x CONE*-0 .11  1.79 x CONE*  +0.57"  2.96 x CONE*  +0.39 
1.38 × CONE*  1.57 x CONE*  2.14 x CONE*  3.20 x CONE*  
r = 0.933 r = 0.984 r = 0.984 r = 0.973 
C 
Mean 
1.68 x CONE*  + 0.08 2.37 × CONE*  + 0.24 4.07 × CONE*  + 0.34 
1.73 × CONE*  2.51 x CONE*  4.33 x CONE*  
r=0.969 r=0.988 r =0.943 
1.41 x CONE*  +0.02 1.74 × CONE*- -0 .08  2.19 x CONE*  +0.23 3.92 × CONE*- -0 .19  
1.42 × CONE*  1.69 x CONE*  2.71 x CONE*  3.80 x CONE*  
r = 0.990 r = 0.990 r = 0.993 r = 0.979 
1.44 x CONE*  +0.11 1.62 x CONE*  +0.02 2.12 x CONE*  +0.34"  3.37 x CONE*+0.46  
1.51 x CONE*  1.63 x CONE*  2.33 x CONE*  3.65 x CONE*  
r = 0.992 r = 0.992 r = 0.994 r = 0.983 
Regression parameters  are given with and without origin constraints, r = product -moment  correlation coefficient. 
*Statistically significant parameters.  
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FIGURE 5. Standard deviations ofMAR thresholds (subject C) at 0.10 
(top) and 0.50 (bottom) contrast and 0-10 deg eccentricity, plotted 
against cone separations in corresponding locations. Linear least 
squares regressions. 
(at 2 deg nasal and temporal) instead of a single one 
at 0 deg. Inclusion of higher-order terms was not 
beneficial. 
DISCUSSION 
Cone and MAR covariation 
Close matches between central-field cone spacings and 
MARs have been proposed by several investigators in the 
past (e.g. ten Doesschate, 1949; Enoch & Hope, 1973). 
Detailed analysis was not possible until Curcio et al. 
(1990) presented their extensive study of cone distri- 
butions in normal eyes. Depending on these results in 
their recent study of dynamic resolution in the visual 
field, Anderson, Mullen and Hess (1991) proposed a 
close parallelism inside about 5 deg of eccentricity. The 
present study of static resolution shows that the 
relationship agrees with the proportionality model of 
resolution out to approx. 10 deg, and that it applies to a 
range of contrast levels. Experimental studies point to 
closely similar relationships in primate eyes (Merigan & 
Katz, 1990). 
Outside the central-most field, the relationship appears 
to be nonlinear. Inspection of Fig. 3 suggests that the 
transition zone is located near 10 deg. It may well coincide 
with the outer limit of ganglion cell displacement, which 
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FIGURE 6. Average MARs (three subjects) on the horizontal meridian, plotted against ganglion cell separations i  corresponding 
locations, for 20-50 deg eccentricity. Curves represent linear least squares regressions and 95% confidence intervals ( ee Table 2 
for parameters). Contrast levels are marked on each panel. 
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TABLE 2. L inear regressions of  individual and mean MARs  on mean gangl ion cell separations (GC) at corresponding 
locations, for 50 to - 20 and 20 to 50 deg of eccentricity, and four contrast levels 
Contrast  level 
Subject 0.90 0.50 0.25 0.10 
A 1.17 x GC*  + 0.01 1.66 × GC* - 1.10 1.77 × GC* + 0.11 2.96 × GC* - 1.72 
1.18 × GC* 1.45 × GC* 1.78 x GC* 2.64 × GC* 
r = 0.960 r = 0.992 r -  0.987 r = 0.992 
B 
C 
Mean 
1.04 x GC* + 1.60 - -  1.94 x GC* +0.96 
1.33 x GC* 2.11 x GC* 
r=0.961 r=0.936 
1.19 x GC* -0 .14  1.27 x GC* + 0.78 1.98 x GC* 0.43 3.63 x GC* - 2.94 
1.17 x GC* 1.39 x GC* 1.93 x GC* 3.08 x GC* 
r = 0.986 r = 0.975 r = 0.982 r = 0.961 
1.13 x GC*+0.47  1.28 x GC* +0.71 2.00 x GC* 0.53 3.29 × GC*-2 .33  
1.18 x GC* 1.38 x GC* 1.93 x GC*  2.86 x GC*  
r = 0.987 r = 0.983 r = 0.985 r = 0.978 
Regression parameters  are given with and without origin constraints, r = product moment  correlat ion coefficient. 
*Identifies statistically significant parameters.  
Curcio and Allen (1990) estimated to 13 deg. 
Unfortunately, detailed limit observations are lacking for 
humans. Comparison with primate eyes may be 
misleading because of their larger ganglion cell densities 
(Perry & Cowey, 1985; Wfissle et al., 1990). It may be more 
appropriate to compare maximum magnitudes of 
displacement. The present functional estimate equals 
2.5 deg (Fig. 7). Microscopic estimates in the 
smaller macaque ye indicate 1.7 deg (Perry & Cowey, 
1985). 
Role of other variables 
It is well known that a multitude of factors are capable 
of influencing on resolution, including contrast, exposure 
time, training, and psychological factors. Optical factors 
as well as aliasing and spatial averaging also need 
consideration. Similarly, the properties of the anatomical 
data, particularly the various distortions that may occur 
during processing of the tissues, clearly may play a role, 
as do analytical options like definitions of threshold 
400 
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F IGURE 7. Cumulated sums of  ganglion cells (0 ) ,  "effective" ganglion 
cells (C) see text), and cones (0 )  inside 10 deg of  eccentricity, as 
calculated f rom a simple model  described in the text. 
levels, and cell packing patterns. These aspects were 
discussed at length in the preceding studies of resolution 
outside 10 deg (including both horizontal and vertical 
meridians), concluding plausible validity for the present 
mode of analysis (Fris6n, 1987, 1992). 
There are additional confounding factors in central- 
field studies. One is the dependence of resolution on 
background luminance. The level used here (20 cd/m 2) 
was not high enough to elicit maximum resolution. The 
luminance ffect peaks in the fovea, and tapers off with 
increasing eccentricity. At photopic levels, there is little 
background ependence outside about 5 deg (Sloan, 
1968). Another factor relates to a possible tendency of 
HRP targets to underrate foveal resolution. This is due to 
their peculiar behaviour in the presence of small errors of 
fixation. When working with near-threshold foveal 
targets, even a minute deviation of gaze will shift the 
retinal image to a location with lower resolution, making 
the target completely invisible. In the same situation, 
ordinary acuity targets remain detectable, which aids 
fixation (Fris6n, 1986, 1987). A third factor is the large 
inter-individual variability of foveal cone counts. The 
coefficient of variation amounts to 46%, much more than 
the 5-15% characterizing the remaining central retina, 
and the 10-25% that apply to ganglion cell counts in the 
same area (Curcio et al., 1990; Curcio & Allen, 1990). 
Consequently, relatively less weight should be attached to 
the foveal data. 
Magnitudes of proportionality Jactors 
A model for interpretation of the MAR-to-cone 
relationship outside 10 deg is presently lacking. The 
situation is better for the linear relationship that applies 
inside this eccentricity. In an ideal system, the regression 
coefficient should equal unity (the Nyquist limit). The 
observed eviations (Table 1) may in part be attributable 
to the departures from mathematical perfection that 
occur in real-life observers (Williams & Coletta, 1987). 
Therefore, comparisons with the theoretical limit must be 
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TABLE 3. Multiple first-order regressions of mean MARs on mean cone and ganglion cell separations, at
corresponding locations, for - 50 to 50 deg of eccentricity, atfour contrast levels 
299 
Contrast level 
0.90 0.50 0.25 0.10 
0.98 x CONE* + 1.40 × CONE* + 1.07 x CONE + 2.74 x CONE* + 
0.89 x GC* -0.79 0.93 x GC* - 1 .27* 1.64 x GC* - 1.04 1.67 x GC* - 1.5 9 
r=0.991 r=0.991 r=0.987 r=0.972 
r is the multiple correlation coefficient. 
*Identifies statistically significant parameters. 
cautious and should be restricted to results obtained at 
maximum contrast. Results obtained at lower contrasts 
underrate maximum performance and can be held to 
involve various degrees of oversampling. 
The mean high-contrast proportionality factor 
[1.51 + 0.19 (SD)], differs significantly from unity. This is 
perhaps not very remarkable, on the grounds just 
mentioned. It is more remarkable that it differs from that 
obtained for the same eyes in the peripheral visual field 
(where ganglion cell spacing appears to be the major 
neural limiting factor). Furthermore, this difference is 
consistent over contrasts, with a mean ratio of 1.24 4-_ 0.05 
(Tables 1 and 2). This suggests that the information 
available at the central-field cone array to some degree is 
undersampled, or filtered, by one or more of the upstream 
components of the neuro-visual system. 
Role of ganglion cells 
The retinal ganglion cells would appear to be prime 
candidates for a filter function because of their key role 
in limiting resolution in the peripheral field but analysis 
is made difficult by their displacement. Various 
transforms have been proposed (Dawson & Maida, 1984; 
Perry & Cowey, 1985; Schein, 1988; Curcio & Allen, 1990; 
W/issle et al., 1990) but there is little agreement, and key 
statistics like effective spatial densities remain uncertain. 
Some aspects can be illuminated, however. 
It was shown above that the number of displaced 
ganglion cells appears large enough to allow an 
"effective" distribution that extends the peripheral-field 
MAR-to-ganglion-cell proportionality inside the area of 
displacement. The functional population is probably 
considerably smaller than the anatomical one, however. 
This is because there are several classes of ganglion cells. 
The largest is the parvocellular, or midget, or P~ class. Its 
ON- and OFF-type cells are held to comprise approx. 
40% each of the total population. An ON-type cell signals 
onset of illumination whereas the OFF counterpart has 
the opposite task. One and the same cone may well 
connect with both ON- and OFF-type parvocellular 
ganglion cells, and also with other types of ganglion cells 
(see Wfissle & Boycott, 1991 and Kolb, Linberg & Fisher, 
1992 for reviews). In the primate ye, it has recently been 
shown that a foveal cone may connect with three or more 
ganglion cells (W/issle et al., 1990). It seems implausible 
that such a cone would excite all these cells 
simultaneously. Consequently, the number of simul- 
taneously active functional connections should be smaller 
than the number of anatomical connections, at least in the 
most central retina. Incidentally, HRP  targets pre- 
sumably activate ON- and OFF-type neural channels 
simultaneously and to the same degree, because the target 
luminances are equally modulated above and below the 
background level. 
Outside the fovea, ganglion cells outnumber cones over 
most of the central retina. In the average normal eye, 
cumulative sums of cones and ganglion cells, counted 
from the fovea and outward, coincide at about 15 deg 
(Curcio & Allen, 1990). Hence, there are, on average, 
slightly more than one ganglion cell per cone inside 13 
deg. Although the ratio probably is much higher for the 
centre of the fovea, as mentioned above, such special-case 
units are presumably spread over such a small area that 
there is room for one-to-one connections, or very nearly 
so, for the remaining region of displacement. On the other 
hand, one-to-one connections would appear to be 
somewhat wasteful, at least from a resolution point of 
view. This is because ach such channel can sample retinal 
images only for a local increment in luminance, or for a 
local decrement. Interspersion of foveal-type channels 
(single cones diverging on several ganglion cells) with 
receptive field channels (several cones converging on 
single ganglion cells) is an interesting alternative. It may 
be pertinent that Curcio and Sloan (1992) recently 
reported that cone density is locally non-uniform, with 
frequent clustering. 
Effects of age on cone and ganglion cell populations 
Additional insight into the roles of cones and ganglion 
cells in limiting resolution can be obtained by studying the 
effects of normal aging. The normal age-related decline in 
resolving capacity across the visual field is not 
attributable to optical changes (House, Schulzer, Drance 
& Douglas, 1993; see also Johnson, Adams & Lewis, 
1989). The number of cones seems to stay more or less 
constant (Gao & Hollyfield, 1992; Jonas, Schneider & 
Naumann, 1992). The fate of bipolars is not clear but 
these cells are much more numerous than cones and 
ganglion cells (Martin & Gr/inert, 1992), suggesting that 
any age-related losses might have limited effects on 
resolution capacity. The situation is different for the 
retinal ganglion cells, which suffer a pronounced, age- 
related reduction in numbers (Curcio & Drucker, 1993). 
Before comparing age-related changes in vision and in 
ganglion cell numbers, it is necessary to question whether 
age-related cell losses are likely to be restricted to the 
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TABLE 4. Neural substrates and visual thresholds in elderly relative to younger subjects (see text for descriptions of threshold conversions and 
calculations of operative ganglion cell fractions) 
Age groups Operative fractions 
Measure Reference [mean age (No.)] Pre-geniculate Pre- plus post-geniculate 
Ganglion cell counts* Curcio and Allen (1990) 34(5) : 76(8) 0.75 0.56 (estimated) 
Parafoveal ganglion 
cell counts Gao and Hollyfield (1992) 20(3) : 60(3) 0.84 0.71 (estimated) 
Pooled axon countst  Fris~n (1991 ) 35 : 75 (60) 0.83 0.70 (estimated) 
Mean - -  0.81 0.66 
HRP~ Lindblom (1993) 28(58) : 71(43) - -  0.62 
HRPt:~ Fris6n (1991) 35 : 75 (135) - -  0.65 
Visual acuityt Elliott and Whitaker (1991) 35 : 75 (61) - -  0.64 
Visual acuity Fris6n and Fris~n (1981) 35(20) : 75(5) - -  0.69 
Mean - -  - -  0.65 
*Horizontal meridian, -20  to 20 deg eccentricity. 
tResults for ages 35 and 75 yr were obtained from regressions over age. 
SThese reports used the same clinical HRP data (covering the central 30 deg of eccentricity, minus macula) but different analytical approaches. 
anterior visual pathways. Considering the close simi- 
larities in axon anatomy and numbers, it seems reasonable 
to also postulate posterior pathway losses, of similar 
magnitudes, and with a random distribution over the 
pathway's cross-section. Such post-geniculate losses 
would deprive aportion of the remaining retinal ganglion 
cells from cortical contact, and so produce an operative 
fraction that would be smaller than unity. This operative 
fraction can be calculated (Fris6n, 1992). For valid 
comparisons, MARs need to be transformed to the 
two-dimensional format of anatomical data. This can be 
accomplished by inversion and squaring, reflecting linear 
and areal sampling densities, respectively. Using results 
from two groups of subjects of different ages, the elderly 
group's performance can be expressed as a fraction of the 
younger one's, to produce a functional estimate of the 
age-related reduction in operative fraction. Table 4 shows 
a compilation of various anatomical and functional 
estimates calculated from previously published reports. 
The estimates are remarkably consistent, attesting to the 
validity of a dual-stage loss model, and point to loss of 
one-third of the retino-cortical neural channels between 
35 and 75 yr of age. The loss appears to be distributed in 
a proportionate manner across the visual field (Lindblom, 
1993) and to proceed at a constant rate of approx. 1 
channel/eye/hr (Fris~n, 1991). 
Clinicopathologic correlations 
A crucial test of the ganglion cell proportionality model 
involves its application to clinicopathologic data. 
Currently, only one study appears to have addressed this 
issue, and only for central vision. Fris6n and Quigley 
(1984) correlated simple, clinical measurements of visual 
acuity and post mortem counts of ganglion cell axons in 
the optic nerve in 14 patients with optic atrophy from 
various causes. Acuity was found to be directly 
proportional to the square-root of numbers of surviving 
papillomacular axons. The root transform is required 
because plain axon counts essentially are two-dimen- 
sional, representing areal rather than linear sampling 
density. Alternatively, acuities could have been trans- 
formed, as exemplified in the preceding paragraph. 
Quantitative clinicopathologic data from humans on 
the effects of cone disorders on resolution capacity seem 
to be lacking. Because direct proportionality applies 
between MARs and cone separations in the central field 
(Fig. 2), resolution is expected to change in direct 
proportion to cone changes. This has been confirmed for 
foveal vision in a clinical study of benign macular edema, 
where the edema-mediated change in cone separation was 
estimated from the associated micropsia (Fris~n & Fris~n, 
1979). In this study, each subject constituted his own 
control, effectively circumventing the disturbing normal 
variability in foveal cone numbers. 
The effect of peripheral-field cone changes is presently 
unclear. A useful model needs to involve the effect of 
changes in the normal cone-to-ganglion-cell convergence 
ratios, which vary with retinal ocation. 
Concluding remarks 
The peripheral-field, MAR-to-ganglion cell propor- 
tionality factor at high contrast found here is not 
significantly different from that previously predicted for 
maximum utilization of parvocellular ganglion cells, or 
1.12 (Fris6n, 1992). The magnocellular and unspecified 
ganglion cell populations are much too small to uphold 
observed resolution levels on their own. 
The present results apply only to resolution perimetry. 
Attempts to elucidate the neuroretinal basis of differential 
light sense perimetry have been inconclusive (e.g. Van 
Buren, 1963; Fris~n, 1987; Drasdo & Thompson, 1989), 
and a threshold theory remains to be formulated. The 
same is true for so-called acuity perimetry, where contrast 
is the test variable (Johnson, Keltner & Balestrery, 1979). 
In summary, central-field neuroretinal correlates of 
resolution measurements are simply defined only for 
cones, where direct proportionality applies between 
MARs and cone separations, at several contrast levels. 
The role of retinal ganglion cells is here obscured by their 
spatial displacement. Taking a functional offset estimate 
into account, the number of ganglion cells appears to 
suffice to uphold direct proportionality. Such a 
relationship is indicated by the nature of observed age 
effects, and also by the effects on visual acuity of optic 
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atrophy. Outside approx. 10 deg of eccentricity, the role 
of cones is quantitatively poorly defined whereas ganglion 
cell spacings and MARs are directly proportional. 
Observed resolution levels indicate primary dependence 
on parvocellular neural channels, at least at high 
contrast. 
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